The experimental study of the dynamics of neutral electron-positron beams is an emerging area of research, enabled by the recent results on the generation of this exotic state of matter in the laboratory. Electron-positron beams and plasmas are believed to play a major role in the dynamics of extreme astrophysical objects such as supermassive black holes and pulsars. For instance, they are believed to be the main constituents of a large number of astrophysical jets, and they have been proposed to significantly contribute to the emission of gamma-ray bursts and their afterglow. However, despite extensive numerical modelling and indirect astrophysical observations, a detailed experimental characterisation of the dynamics of these objects is still at its infancy. Here, we will report on some of the general features of experiments studying the dynamics of electron-positron beams in a fully laserdriven setup.
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Introduction
Pair-plasmas represent a unique state of matter, since they consist of negatively and positively charged particles bearing the same mass and (absolute) charge. These objects have recently been gathering increasing interest in the academic community, not only for their unique properties (see for instance, Ref. [1] ) but also for the major role they play in the dynamics of a wide range of extreme astrophysical objects. For instance, magnetized electronpositron plasmas exist in pulsar magnetospheres [2] , in bipolar outflows in active galactic nuclei [3] , at the center of our own galaxy [4] , and in the early universe [5] .
Different schemes have been proposed to generate neutral pair plasmas in the laboratory. The first generation of a pair-plasma was achieved by Oohara and collaborators [6] by creating equal distributions of positively and negatively charged fullerene ions. Interestingly, this scheme allows for the long-term study of pair plasma dynamics, without having to deal with mutual annihilation, the main fundamental factor limiting the lifetime of an electron-positron plasma. More recently, active research is carried out in producing and confining low-energy populations of electrons and positrons. Whilst Penning traps can guarantee excellent confinement of either population, simultaneous confinement of both species beyond their Debye length cannot be achieved [7] . A solution to this problem has been identified in using toroidal magnetic fields either produced by levitated dipole configurations [8] or stellarators [9] , as in the APEX project [10] .
An alternative method for the generation of neutral electron-positron plasmas has been identified in exploiting the quantum cascade initiated by a laser-driven electron beam propagating through a solid target. Even though this method suffers from the difficulty of generating cold populations and confining them, promising results have been obtained in different configurations [11, 12, 13, 14, 15, 16, 17] , with, to-date, the first experimental demonstration of a neutral electron-positron beam able to show collective behaviour [14, 17] . The details of the laser-driven generation of neutral electron-positron beams (EPBs) can be found elsewhere [13, 14, 15, 16] ; in this paper, we will instead focus our attention on some of the main experimental issues involved in detecting the dynamics of these objects, when they propagate through a background electron-ion plasma.
The structure of the paper is as follows: in Section 2 we will discuss the general features of a typical experimental setup adopted in this class of experiments. In section 3, we will show how the laser-driven generation of EPBs simultaneously provides an efficient way of ionising the gas through which the EPB itself is to propagate. In Section 4 we will discuss the main concepts behind detecting EPB transverse instabilities using proton radiographic techniques while in Section 5 we will show some typical experimental results in this area. Finally in Section 6 we will discuss some limiting factors in directly detecting density modulations in a perturbed EPB while conclusive remarks will be presented in Section 7. A typical experimental setup designed to generate EPBs and study their dynamics is shown in Fig. 1 . In its most general configuration, a high-power laser beam is loosely focussed at the edge of a low-density gaseous target in order to generate, via laser wakefield acceleration [18] , a short (beam duration of the order of tens of fs) and high energy (energy per particle in the region of hundreds of MeV) beam of electrons. A thick and high-Z solid target is then placed in the electron beam path in order to initiate an electromagnetic quantum cascade whose main by-products are electrons, positrons, and gamma-ray photons [15] . Numerical and experimental work has demonstrated that the percentage of positrons in the generated EPB can be seamlessly tuned from 0% all the way up to 50% by simply changing the thickness of the solid target [14] . Typical optimum parameters of the EPB at the source thus far include a source size of D 0 200 − 300 µm, a duration in the range of τ 10s to 100s of fs, a number of leptons of the order of N 10 9 -10 10 , and an average divergence of θ 30 − 50 mrad. The broad spectrum of the EPB, virtually insensitive to the initial shape of the electron spectrum but mainly determined by the cascade itself, is well approximated by a Juttner-Synge distribution, with a typical average Lorentz factor of γ 10 − 20 [14, 15, 17] . At the source, one can easily achieve a number density of the EPB of the order of 10 16 cm −3 . However, due to the intrinsic energy-dependent divergence introduced by the cascade, this density drops quickly during the EPB propagation. Nonetheless, it is interesting to note that the possibility of exciting collective modes in the EPB is mostly dictated by the number of skin depths that are contained in it, either longitudinally or transversally. In the transverse direction, the number of skin depths ( S ) within the beam diameter is not influenced by the diameter (D ⊥ ) of the beam itself, since it can be expressed as: [14] , justifying the assumption that transverse collective behaviour is, in a first approximation, not influenced by the divergence of the beam. However, one must take into account that the broad spectrum of the EPB induces significant temporal spreading of the beam. This effectively is the main factor in determining the loss of transverse collective behaviour in the EPB as it propagates.
Experimental Setup
Several theoretical works reported in the literature (see, as possible examples, Ref. [14, 19, 20, 21, 22] ) have shown how the propagation of an EPB in a background electron-ion plasma might trigger the onset of a series of instabilities, the most important ones namely being the oblique, the two-stream, and the filamentation (sometimes loosely referred to as Weibel) instabilities. The competition between these instabilities is ruled by a series of beam and background plasma parameters, with the dominant one arguably being the ratio between the beam density n b and background plasma density n p : α = n b /n p . As a rule of thumb, oblique instabilities dominate for α 1 whilst the filamentation instability dominates for α ≥ 1 [14, 19, 20, 21, 22] . Two-stream instabilities are instead dominant for non-relativistic beams [20] and will not be considered here.
The most direct measurables indicating the onset of instabilities are a spatial modulation of the electron and positron populations in the EPB, the generation of strong magnetic fields, and changes in the spectral shape of the EPB. However, the latter is to be expected only if the EPB is of sufficient length so that collective behaviour in the longitudinal direction can be triggered. This is not the case for experimental results reported in the literature [14, 17] and it is generally not easy to achieve this condition with current laser systems. Even though it might be possible to achieve collective behaviour in the longitudinal direction in the near future, we will not discuss it here. In the following sections, we will discuss the main experimental implications in measuring these quantities, after having discussed how the background gas gets effectively ionised after the interaction of the primary electron beam with the solid target. In order to experimentally observe EPB-driven plasma instabilities, it is crucial for the background gas within the second gas-cell to be fully ionised and form an ambient plasma, through which the EPB could interact. It must be noted here that, in addition to the EPB itself, the propagation of the ultra-relativistic electron beam through the solid target generates a bright and prompt flash of bremsstrahlung gamma-rays [15, 23, 24] . This burst of gamma-ray photons photo-ionises the background gas; in the case of a He gas, and for typical experimental parameters, it is straightforward to achieve full ionisation, with typical electron temperatures of the order of 10s of eV. This conclusion is inferred from simulations performed using HYADES [25], a commercial 1-D hydrodynamics Lagrangian code frequently used to estimate the conditions of a plasma in laboratory astrophysical studies (for examples, see Refs. [26, 27] ). As an example, we will discuss the experimental conditions presented in a recent publication [17] . The simulation considers a γ-ray flash propagating through a 1 cm region filled with He gas at a backing pressure of 200 mbar. Results from hydrodynamic simulations on ionisation of the He gas in the second gas-cell, assuming a photon angular spectrum derived from FLUKA simulations. The ionisation level of the background gas as a function of length in the gas-cell is shown in (a), with the grey ellipse indicating the length over which the plasma is fully ionised. Insert (b) shows the related electron temperature.
Ionisation of the background gas
The spectrum of the γ-ray flash is obtained from FLUKA simulations [28] , considering the propagation of an electron beam analogous to those experimentally characterised, through 25 mm of lead (Fig. 2.a.) . The γ-spectrum is subsequently converted to a suitable format for the hydrodynamical simulation. The γ-flash is modelled with a triangular temporal profile with a 100 fs FWHM duration. Due to limitations in the number of energy ranges that could be simulated, the energy range is divided into 100 MeV bins (or photon group sources in HYADES nomenclature). The flux in each bin was calculated in units of erg/keV/s/cm 2 , as required by the code, using the equation
where E(erg) is the total energy of the photons in a bin (calculated from the spectrum obtained using FLUKA,
, as
is the width of the energy bin in keV, τ (s) is the duration of the gamma flash in s, and A(cm 2 ) is the beam size at the entrance of the gas cell in cm 2 . The final calculated input is shown in Fig. 2 .b.
A period of 3 ps is simulated, with variable time steps internally calculated by the code taking into account the relevant time scales of the simulation. The propagation of the gamma flash results in a prompt ionisation within the gas-cell with a plasma temperature of the order of 10 -20 eV, as shown in Fig. 3 
Detection of magnetic fields
Several numerical works reported in the literature indicate the onset of transverse filamentation in the beam, after propagating through a neutral background plasma. Without going in the details of the specific mechanisms involved (see, for instance, Ref. [22] , for details), it will suffice to note here that transverse modulations in the EPB result in localised current in the otherwise overall neutral beam. These beamlets of alternating current generate azimuthal fields that co-propagate with the EPB. Due to the fast time-scales involved -the EPB is only 10s to 100s of fs long and it is ultra-relativisticit is indeed extremely challenging to detect these fields directly in the EPB; however, these fields can be transferred to the background plasma, where their detection is less problematic. A necessary condition for magnetisation of the background plasma is that the electron gyroradius be smaller than the typical scale of the magnetic field. In the EPB filamentation process, the magnetic field will grow with a spatial scale comparable to the skin depth of the beam whereas, in the non-relativistic limit, the electron gyroradius in the background plasma can be expressed as: r g = m e v th /eB, where v th is the thermal velocity of the background electrons. The assumption of nonrelativistic behaviour of the background plasma is justified by its relatively low temperature (tens of eV from HYADES simulations). The background plasma gets then magnetised if the magnetic field B and the background plasma density n b obey the condition:
For the parameters in Ref. [17] we obtain ξ 50, fully justifying the assumption of the background plasma being magnetised. Once deposited in the background plasma, the magnetic field will decay either via collision-less processes (if the scale is comparable to the skin depth of the background plasma) [29] or collisionally (scales much larger than the skin depth of the background plasma). The latter situation effectively corresponds to α 1. In the case of collisional decay, the typical time scales involved would be proportional to the classical conductivity of the plasma [17] ; for typical experimental parameters, magnetic fields can then persist for hundreds of nanoseconds up to microseconds, a comfortable timescale to measure in current laser-plasma experimental setups.
The spatial and temporal distribution of these fields can mainly be measured by looking at the change of polarisation in a transversely propagating optical probe (Faraday rotation) or with proton-based radiography arrangements. Without going into too much detail, it will suffice here to say that the rotation in polarisation induced by such fields embedded in a tenuous plasma will indeed be extremely small, whereas the proton deflections will be easily detectable. We will thus discuss here only the measurements of these fields via proton radiography techniques [30, 31] . As an additional note, it is worth mentioning that, on the typical timescales at which proton radiographies are collected, no electrostatic fields are to be expected, as discussed in Ref. [17] .
In the most general configuration for this technique (as also sketched in Fig. 2 ), a high-power laser pulse is tightly focused upon a foil target of micron-scale thickness, producing a proton beam via Target Normal Sheath Acceleration [32] . These beams usually present a characteristic broad spectrum with a Maxwellian energy distribution, and a cut-off energy of the order of a few to tens of MeV. A high-Z metallic target is usually preferred since it ensures a smoother spatial distribution of the proton beam. The configuration is set up to allow this probe beam to propagate through the interaction region, i.e. the plasma within the gas-cell. Any electromagnetic fields present within this region deflect protons via the Lorentz force, leading to density fluctuations within the proton beam. Beyond the interaction region, the protons impinge upon a multi-layer RCF detector stack, wherein the beam signal is recorded in the form of 2-dimensional proton density maps. The high degree of laminarity of the beam implies that the real source size of the protons, usually of the order of tens of microns, is equivalent to a much narrower virtual source size of the order of a few microns [33] . The typical spatial resolution of the diagnostic then results from the interplay between the size of the proton virtual source and the resolution of the proton detector. Moreover, the laminarity of the beam ensures a geometrical magnification of the phenomenon under interest of the detector [30] :
where l is the distance between the proton target and the interaction plane, and L is the distance between the interaction plane and the detector (as shown in Fig. 4 ). In the experiment reported in Ref. [17] , l = 8 mm, and L = 56 mm, resulting in a magnification of M ≈ 8. The broadband spectrum of the laser-driven protons implies that different spectral slices in the beam will traverse the region of interest at different times. The multi-layer arrangement of the RCF stack thus allows for a temporal multi-frame capability, even in a single shot. This is because different spectral bands will deposit most of their energy in the RCF layer that is in correspondence to the related Bragg peak. The main factors dictating the temporal resolution of each image are then: the proton pulse duration (usually in the range of a fraction of a picosecond up to a few picoseconds, depending on the parameters of the laser driving the protons) and the spread of energies deposited in each single RCF layer (usually of the order of ± 0.5 MeV). For low energy protons, the latter usually dominates, leading to temporal uncertainties from a few to tens of picoseconds.
In principle, this radiographic technique can be affected by a series of factors, namely: the shot-to-shot fluctuation in spectral and spatial properties of the proton beam and the presence of gas-filling through which the proton beam must propagate. However, a change in spectral distribution is not important, since each RCF would be sensitive, in a first approximation, to the protons whose Bragg peak lies within the position of the RCF layer within the stack [30] . Any subtle spectral effect on the radiographs is anyway taken into account on a shot-to-shot basis. Moreover, using a relatively thick and high-Z target for generating the proton beam guarantees a smooth spatial distribution in each spectral region. Finally, the presence of the gas-fill has a negligible effect on the properties of the proton beam. In order to support this statement, we have performed simulations of the scattering induced by the gas-fill on the proton beam using the commercial Monte-Carlo scattering code SRIM [34] . These simulations provide an accurate estimate of the lateral straggling experienced by the protons due to scattering within the gas. Simulations indicate an induced broadening of the proton beam due to the presence of a 1cm thick gas-fill at a pressure of 200 mbar of approximately 2 micron (5 micron) for a 3.3 MeV (1.1 MeV) proton at the rear side of the gas-cell. This uncertainty is smaller than the intrinsic spatial resolution of the radiographs (of the order of 10 microns), and can thus neglected in the data analysis.
To diagnose the magnetic field distributions responsible for the observed proton deflections, a Particle Tracing (PT) code has to be used to simulate the proton radiography setup used in the experiment, as illustrated in Fig. 4 .
The code simulates the trajectories of a laminar beam of protons, from a virtual point source, through a 3-dimensional and time-dependent electromagnetic field distribution, to the detector plane. The proton trajectories for a defined initial energy, ε p , are calculated by solving the non-relativistic equation of motion (Eqn. 4)
where v p is the proton velocity, e is the elementary charge, m p is proton mass, E is the electric field, and B is the magnetic field. The PT code traces the proton propagation to the detector plane, where it produces a simulated 2-dimensional proton density map, that can be compared with the physical data. The 3-D electromagnetic field distribution, size, and strength within the interaction region can be altered and fine-tuned until a satisfactory match is achieved.
Typical experimental results
As an example of using the proton radiography technique discussed in the previous section in this class of experiments, we show in Fig. 5 radiographs of the background plasma when a quasi-neutral (row a.) or a considerably nonneutral (frame b.) beam propagates through it. The data recorded via proton radiography shows that, as the EPB composition changed from a non-neutral beam to a quasi-neutral beam, the proton signal becomes progressively more perturbed, with a distinct observable modulation when quasi-neutrality is reached. Qualitatively, this is the first experimental indication that the generation and persistence of magnetic fields take place only for a quasi-neutral EPB.
In order to extract quantitative information about the magnetic fields responsible for such proton perturbations, a particle tracing (PT) code was employed. The data presented in this article refer to the same experimental parameters reported previously [17] . The best match was found for a pure magnetic field with a distribution as shown in Fig. 6. (frames a.2. and b.2.) , and modelled within the PT code by Eqn. 5. Figure 5 : Proton radiographs of the background plasma after the propagation of a quasineutral EPB with 48% e + population in row (a.), and a non-neutral EPB with 23% e + population in row (b.). Different columns correspond to different proton energies, and therefore, different probe times after the passage of the EPB (as labelled). Each row corresponds to a single shot, highlighting the multi-frame capability of this radiographic technique. The colour-bars represent the optical density on the RCFs for the respective rows, with a higher number corresponding to higher proton density). Lineouts (white solid line) are taken from the regions between the white-dashed lines. For an EPB with 23% e + population (row b.), no clear modulation is seen on the proton radiographs (smooth monotonically decreasing profile, corresponding to the initial proton beam distribution). A pronounced modulation is observed for an EPB with 48% e + population (row a.). The modulation can be seen on all three layers of RCF indicating that the magnetic fields responsible for modulation are long-lived within the background plasma where B peak is the peak magnetic field, ρ = x 2 + y 2 refers to the radial position in relation to the z-axis along which the EPB propagates (see Fig. 6 ), ρ f is the typical spatial scale of the magnetic field, and D beam is the diameter of the magnetic field distribution. These magnetic field distributions are azimuthal around the EPB propagation axis, which is in the z-direction, from right to left on the RCFs, as shown in Fig. 6 . Frames a.1. and b.1. in Fig. 6 . show the proton radiographs of the background plasma at a time of 280 ± 30 ps after a quasi-neutral EPB has passed through from right to left. The white dashed lines indicate the locations where lineouts where taken. The raw data is plotted in frames a.3. and b.3. (blue dotted line), with the moving average over plotted (black dashed line). By adjusting the field parameters in Eqn. 5 it was possible to closely match lineouts garnered through the PT code with the experimental data (see red dashed lines in frames a.3. and b.3.). For the radiograph presented in frame a., the magnetic field distribution was found to have a peak amplitude of 1.8 ± 0.2 T, with a spatial scale of ρ f = 1.4 ± 0.1 mm, whilst the radiograph in frame b. was found to be best replicated by a magnetic field distribution with peak amplitude of 1.5 ± 0.3 T, with a spatial scale of ρ f = 1.5 ± 0.1 mm. These values are consistent with those reported previously [17] , confirming the robustness of the phenomenon and its detection, virtually unaffected by shot-to-shot fluctuations.
Direct measurements of spatial density modulations in the EPB
The process of transverse filamentation implies that the EPB will present strongly modulated electron and positron populations in its transverse profile. This intuitive statement is amply supported by Particle-In-Cell simulations of the interaction, as those reported in Ref. [14] for typical experimental parameters. One might then envisage the possibility of extracting the typical spatial features of the instability by directly measuring the transverse profile of the EPB after the propagation through the background plasma. However there are experimental factors that make this detection extremely difficult. First, one has to consider that the EPB co-travels with an intense burst of gamma-rays, with a photon number that greatly exceeds the number of particles in the EPB. Any scintillating material placed in the beam path will then predominantly interact with the gamma-ray beam, which will retain a smooth spatial distribution regardless of the dynamics of the EPB. This generates a considerably small contrast for any modulation in the EPB to be detected. One might think of separating the electron and positron populations with a magnetic dipole, and record them separately away from the main propagation axis of the gamma-ray beam. However, simple numerical calculations show that the external magnetic field necessary in order to obtain this separation (as used in the magnetic spectrometer in this class of experiments) is indeed sufficient to disrupt any small-scale modulation in the beam, restoring the transverse smoothness of the beam. Even though this difficulty is not of a fundamental nature and could be in principle overcome with a refinement of the experimental apparatus, there is a more subtle limitation that is tightly linked to the peculiar nature of a neutral matter-antimatter beam. It is relatively straightforward to see, from Particle-In-Cell simulations, that the electron and positron filaments are completely symmetrical, so that regions with a null number of electrons are exactly overlapped with a positron filament, and vice-versa. This should not be surprising, given the exact same mobility of the negatively and positively charged constituents of the EPB.
Given that, in the ultra-relativistic case, typical particle detectors are virtually insensitive to the sign of the charge of the particle impinging on it (≤ 2% difference [35] ), they would then not be able to display non-uniformities in the charge distribution of the beam, but only show the number density, which is kept constant even in the case of filamentation. From these simple considerations, one can then argue that the most suitable measurable to indicate onset of transverse instabilities in the EPB is the magnetic field left in the background plasma.
Conclusions
In this article, we have discussed some of the key experimental issues concerning the detection of instabilities experienced by a laser-driven electronpositron beam as it propagates through a background electron-ion plasma, in conditions of relevance to the dynamics of pair-dominated astrophysical scenarios such as astrophysical jets and pulsar atmospheres. According to recently published experimental results in this area, we identify the magnetic fields left in the background plasma as the most suitable indicator of the onset of transverse instabilities and we have discussed some of the main characteristics of the detection of these fields via proton radiography.
